Cholera is a human disease that is characterized by massive loss of water and electrolytes, which leads to severe dehydration and hypovolemic shock if the condition is not treated. The causative agent of cholera is Vibrio cholerae, a highly motile, gram-negative, curved rod having a single polar flagellum. V. cholerae strains are classified into serogroups based on the lipopolysaccharide O antigen, and more than 200 serogroups have been identified to date. Only serogroups O1 and O139 are responsible for epidemic and pandemic cholera (46, 47) . Serogroup O1 can be further divided into two biotypes, classical and El Tor, based on biochemical properties and susceptibility to bacteriophages (11, 47) . Classical biotype V. cholerae strains are thought to have caused the first six cholera pandemics, beginning in 1817, whereas the El Tor biotype has been responsible for the seventh pandemic, which has been ongoing since 1961 (11, 47) .
A major difference between the classical and El Tor biotypes is that they require different in vitro growth conditions for virulence gene induction. The classical biotype is cultured in LB medium at 30°C and pH 6.5 for maximal virulence gene expression and is cultured in LB medium at 37°C and pH 8.5 for minimal virulence gene expression (41) . The El Tor biotype is cultured under biphasic conditions termed AKI conditions for maximal virulence gene expression (26) (27) (28) . During the first phase, the bacteria are cultured for several hours statically in a stationary tube in AKI medium, which contains 1.5% peptone, 0.3% yeast extract, and 0.5% NaCl (26) . During the second phase, an aliquot is vigorously aerated and cultured for another several hours. Cholera toxin (CT) expression in the El Tor biotype was also observed when bacteria were grown in AKI media supplemented with 0.3% sodium bicarbonate under strictly static conditions (27) . The mechanisms that induce virulence gene expression under either of these conditions are unknown.
Growth under virulence-inducing conditions results in production of the two major virulence factors, CT and toxincoregulated pilus (TCP) (41, 56, 57) , as well as an assortment of other gene products having functions that are poorly understood (10, 16, 17, 22, 23, 43) . CT and TCP are absolutely required for V. cholerae to cause cholera. CT, a classical AB toxin composed of pentameric B subunits and one enzymatic A subunit (13, 34) , is encoded by the ctxAB genes in the genome of a filamentous bacteriophage (CTX) (59) . The CT A subunit ADP ribosylates a regulatory G protein in the intestinal epithelium, leading to constitutive adenylate cyclase activity and subsequent hypersecretion of water and electrolytes (47) . This results in the voluminous watery diarrhea that is the hallmark of cholera. TCP is a type IV pilus that is encoded in the tcpA operon on the Vibrio pathogenicity island and aids in the formation of microcolonies during colonization of the intestinal epithelial lining (29, 57, 58) . TCP also acts as the receptor for CTX, which allows nontoxigenic V. cholerae carrying the Vibrio pathogenicity island to acquire the CT genes (59) .
The regulation of V. cholerae virulence gene expression is complex (38) . The V. cholerae virulence genes have collectively been known as the ToxR regulon due to the central role that the ToxR protein plays in activating virulence gene expression.
However, the major direct transcription activator of the virulence genes is the ToxT protein. ToxT is produced by the action of the transcription activators ToxR and TcpP (9, 18, 19, 31) . Once produced, ToxT activates transcription of many virulence genes, including tcpA and ctxAB, leading to pathogenesis (24, 61-63, 65, 66) . ToxR has also been shown to play a role in virulence gene expression independent of ToxT. Studies of classical biotype V. cholerae have shown that ToxR alone can induce CT production in the presence of bile (25) . However, the amount of secreted toxin is very small compared to the amount of secreted toxin produced in a ToxT-dependent manner, and this ToxR-dependent expression has not been observed in El Tor strains or in vivo (32) .
ToxT belongs to the large AraC/XylS family of transcription regulators (20) . The carboxyl terminus of ToxT, corresponding to the conserved AraC family domain, contains two helix-turnhelix motifs that are utilized for DNA binding (37) . The amino terminus does not share similarity with any protein in the databases and is hypothesized to be involved in dimerization and/or interaction with an effector(s) that modulates ToxT activity (44) . Bile and bile components have been shown to decrease ToxT activity, perhaps through direct binding by ToxT (7, 14, 49) . However, no positive effector for ToxT activity has been identified.
While the in vivo signals that induce V. cholerae virulence gene expression have not been determined, V. cholerae has been shown to modulate the expression of its virulence genes in vitro in response to environmental factors and conditions, such as temperature, pH, osmolarity, chemotaxis toward certain amino acids, and bile salts (7, 14, 41, 49) . Another potential inducer of virulence gene expression is sodium bicarbonate, which is included in some El Tor AKI media (27) and is present at a high concentration in the upper small intestine, which V. cholerae colonizes. Sodium bicarbonate protects the small intestine from the acidity of fluid arriving from the stomach and is secreted by the pancreatic duct epithelium at concentrations ranging from 70 to 140 mM (21) . Data from human volunteers indicated that the infectious dose of V. cholerae decreased from 10 8 to 10 4 cells when volunteers were fed 2 g of sodium bicarbonate along with the inoculum (4) . Although the interpretation of these data was that administration of bicarbonate enhanced survival of the bacteria in the acidic environment of the stomach, an alternative explanation is that bicarbonate could induce virulence gene expression, signaling to the bacteria that they are entering a human host. The bicarbonate ion has been shown to promote virulence gene expression in other bacteria, such as Bacillus anthracis (60) , Streptococcus pyogenes (3), enterohemorrhagic Escherichia coli (1) , and the murine pathogen Citrobacter rodentium (64) .
To determine whether bicarbonate alone could induce expression of the V. cholerae virulence genes, we monitored the effects of bicarbonate on expression of TCP and CT in both classical and El Tor biotype V. cholerae. The data strongly suggest that bicarbonate enhances virulence gene expression in both biotypes in a ToxT-dependent manner. ToxT protein was observed in bacteria grown with and without sodium bicarbonate in the growth medium, but virulence gene expression was observed only if bicarbonate was present. Addition of a carbonic anhydrase (CA) inhibitor caused a significant reduction in virulence gene expression. Thus, we propose that bicarbonate induces V. cholerae virulence gene expression by enhancing ToxT activity and that this may be the primary mechanism for virulence gene induction in vivo.
MATERIALS AND METHODS
Strains and growth conditions. V. cholerae classical biotype strain O395 and El Tor biotype strain E7946 and isogenic ⌬toxT (5) and ⌬toxR (31) mutants of these strains were maintained at Ϫ70°C in LB medium containing 20% glycerol. All strains were grown overnight in LB medium at 37°C and then subcultured in AKI medium (27) in the presence or absence of 0.3% bicarbonate. Sodium bicarbonate was freshly prepared and used on the day of the experiment. The classical strains were subcultured in the AKI medium from an overnight culture using a 1:100 dilution, while the El Tor strains were diluted 1:1,000.
Plasmid and strain construction. A chromosomal tcpA-lacZ fusion was constructed as follows. The V. cholerae O395 tcpA promoter region was amplified by PCR with 500-bp segments on either side corresponding to the DNA sequence surrounding the V. cholerae lac promoter. The product was cloned into suicide vector pKAS32, transformed into E. coli SM10(pir), and moved into V. cholerae strain O395 by conjugation as previously described (50) . Thus, P tcpA replaced P lac as the promoter driving lacZ expression from the normal chromosomal locus. A toxT::lacZ fusion plasmid was constructed by PCR amplifying the toxT promoter from V. cholerae O395 genomic DNA and cloning it into pTL61T (33) using XbaI and HindIII restriction sites. The tcpA::lacZ fusion plasmid was constructed previously (62) . An arabinose-inducible toxT plasmid (pBAD-toxT) was constructed by amplifying the toxT gene from V. cholerae O395 genomic DNA and cloning it into pBAD33 (15) using XbaI and PstI restriction sites.
RNA isolation and reverse transcription (RT)-PCR. Cell pellets harvested at different time points during static growth or AKI growth were collected by centrifugation. RNA was isolated using Trizol reagent (Invitrogen) according to the manufacturer's protocol. Total RNA was subjected to DNase I digestion for 1 h at 37°C to eliminate any DNA contamination. RNA was recovered by ethanol precipitation and resuspended in RNase-free water. The RNA concentration was adjusted to 5 g/l based on A 260 measurement. To monitor the presence of toxT mRNA, an aliquot of each RNA sample was reverse transcribed using SuperScript III reverse transcriptase (Invitrogen). This was followed by PCR using Taq DNA polymerase (Denville Scientific) and an Eppendorf Mastercycler gradient thermal cycler. The PCR conditions were as follows: 60 s at 94°C, followed by 30 cycles of 30 s at 94°C for denaturation, 30 s at 55°C for annealing, and 60 s at 72°C for extension and then 5 min at 72°C. The upstream forward primer ATGATT GGGAAAAAATCTTTTC was used (the underlined sequence is the start codon). The reverse primer sequence was TCAAGATCATCAGTAATAAAT ATAG (the underlined codon is complementary to the leucine codon at position 168 of ToxT relative to the start codon).
␤-Galactosidase and CT assays. ␤-Galactosidase activity was measured using the basic procedure of Miller (40) . CT was detected in the culture supernatant by a GM1 enzyme-linked immunosorbent assay (ELISA) (55), using polyclonal anti-CT antibody (Sigma). A positive control assay for quantification of the level of CT in the samples was performed using purified CT (List Biological Laboratories).
Immunodetection of ToxT. Aliquots of cells harvested at different time points during growth were normalized based on the optical density at 600 nm and resuspended in 10 l water and 10 l of 2ϫ protein buffer (123 mM Tris-HCl, 4% sodium dodecyl sulfate, 1.4 M 2-mercaptoethanol, 20% glycerol, 0.2% bromophenol blue). The samples were boiled for 5 min and subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gel was blotted on nitrocellulose paper for 2 h using a semidry electroblotter apparatus (Fisher Scientific). Blots were incubated for 2 h in TBS buffer (20 mM Tris-HCl, 0.5 M NaCl, 0.025% Tween 20; pH 7.5) containing 5% milk to reduce nonspecific binding. After the blots were washed with TBS buffer, they were incubated overnight in TBS buffer containing 5% milk and a 1:3,000 dilution of rabbit polyclonal anti-ToxT serum. After three washes for a total of 15 min with TBS buffer, each blot was incubated for 2 h in TBS buffer containing 5% milk and a 1:5,000 dilution of goat anti-rabbit immunoglobulin G conjugated to alkaline phosphatase (Southern Biotech). After the blots were washed with TBS buffer, they were developed using 5 ml of immuno-BCIP (5-bromo-4-chloro-3-indolylphosphate)-nitroblue tetrazolium liquid substrate (Invitrogen).
RESULTS
Sodium bicarbonate stimulates CT and TCP production. To begin our investigation into the effects of bicarbonate on V.
cholerae virulence gene expression, we assessed expression of the tcpA and ctxAB operons. Previous work indicated that CT was produced by El Tor V. cholerae cells when the bacteria were grown in a stationary tube (static conditions) in the presence of bicarbonate (27) . CT was not detected when the cells were cultured under the same conditions in the absence of bicarbonate. However, adding a shaking phase after the static growth phase resulted in production of high levels of CT regardless of the presence of bicarbonate in the medium (26) . We repeated these experiments using a CT ELISA to measure CT production and ␤-galactosidase assays to measure tcpA:: lacZ expression. CT and ␤-galactosidase levels were measured at 3, 4, 5, and 6 h after subculturing and again after 4 h of shaking for AKI conditions.
Our results indicate that bicarbonate does indeed induce expression of both CT and TCP under static growth conditions. As shown in Fig. 1A , CT was expressed at very low or undetectable levels when V. cholerae El Tor strain E7946 was grown statically in the absence of bicarbonate. High levels of CT were expressed when the E7946 strain was grown statically in the presence of 0.3% sodium bicarbonate. CT expression peaked at 4 h after subculturing and remained stable during the rest of the experiment (Fig. 1A ). An isogenic V. cholerae strain in which toxT, which encodes the major activator of ctxAB and tcpA transcription, was deleted did not produce detectable levels of CT at any time point under any growth conditions, indicating that the observed CT production required ToxT protein activity.
Induction of tcpA transcription was also observed to be dependent on both bicarbonate and ToxT. ␤-Galactosidase production from a plasmid-borne tcpA::lacZ fusion in E7946 was measured at 3, 4, 5, and 6 h after subculturing in medium either containing or lacking 0.3% sodium bicarbonate (Fig. 1B) . In contrast to the very low CT production that we observed when bacteria were grown under static conditions in media lacking bicarbonate, some tcpA::lacZ expression was observed over the time course in the absence of bicarbonate, starting at 4 h after subculturing. However, the ␤-galactosidase levels were much higher when the bacteria were grown in the presence of 0.3% sodium bicarbonate. Once again, an otherwise isogenic ⌬toxT strain did not produce significant ␤-galactosidase activity at any time point or under any growth conditions. These results demonstrate that bicarbonate stimulates the expression of tcpA and ctxAB and that this stimulation is toxT dependent. Under AKI growth conditions, which include an additional shaking phase after the static growth phase, CT production was observed to be much higher if bicarbonate was present in the growth medium, but tcpA::lacZ expression was similar in the presence and in the absence of bicarbonate (Fig. 1A and B) . Similar results were obtained using El Tor strains C6706 and N16961 (data not shown). An otherwise isogenic ⌬toxT strain did not produce significant CT or ␤-galactosidase activity under AKI conditions, confirming that the induction of virulence gene expression under AKI conditions is ToxT mediated.
To determine whether bicarbonate also induces virulence gene expression in classical biotype V. cholerae, CT production and tcpA-lacZ expression in classical strain O395 were measured. Previously, it was found that some classical strains produced CT under AKI conditions, whereas other did not (26) . Our results indicate that bicarbonate induces virulence gene expression in classical V. cholerae strain O395. Both CT levels ( Fig. 1C) and ␤-galactosidase production from a chromosomal tcpA-lacZ fusion (Fig. 1D) were greatly increased by addition of 0.3% bicarbonate to the growth medium. AKI growth conditions with medium lacking bicarbonate resulted in some induction of CT and tcpA-lacZ expression, but addition of bicarbonate under AKI conditions still caused a significant increase in CT and tcpA-lacZ expression. No significant CT or tcpAlacZ expression was observed in an isogenic O395 ⌬toxT strain under any conditions (data not shown).
The pH of AKI medium increased from 7.00 to 7.20 when 0.3% bicarbonate was added. To rule out the possibility that the induction of virulence was due to the pH difference, we measured the expression of tcpA::lacZ after the starting pH of AKI medium was increased to 7.2 with sodium hydroxide. No significant induction was observed for either El Tor strain E7946 or classical strain O395 (see Fig. S1 in the supplemental material). The pH of the culture with added bicarbonate remained 7.2 during 4 h of static growth, whereas the pH of the culture whose pH was raised to 7.2 with NaOH dropped to 6.8 during 4 h of static growth, indicating that bicarbonate buffers the medium. Addition of morpholinepropanesulfonic acid (MOPS) buffer to AKI medium with a starting pH of 7.2 kept the pH at 7.2 during 4 h of static growth but had no effect on virulence gene expression unless bicarbonate was also added (data not shown). Overall, these results demonstrate that bicarbonate induces tcpA and ctxAB expression in El Tor and classical V. cholerae strains and that this induction is ToxT dependent.
toxT mRNA production is independent of bicarbonate. toxT transcription is initially activated by the inner membrane protein pairs ToxR-ToxS and TcpP-TcpH (9, 18, 19, 31) . Once ToxT protein is expressed, it can produce more of itself by activating transcription of the tcpA operon, in which the toxT gene is located (65) . One possible explanation for the minimal virulence gene expression observed when V. cholerae was cultured under static conditions in the absence of bicarbonate is that the initial activation of toxT did not occur. To examine this possibility, we analyzed the effects of bicarbonate on ␤-galactosidase production from a toxT::lacZ reporter plasmid. Because the reporter is plasmid based and not located downstream of tcpA, ToxT should have no effect on its expression. When V. cholerae was grown in the absence of bicarbonate, the amount of ␤-galactosidase activity per cell was larger than the amount when V. cholerae was grown in the presence of bicarbonate ( Fig. 2A) , strongly suggesting that bicarbonate is not required for and does not positively affect toxT transcription. Addition of bicarbonate to the growth medium caused a ϳ50% reduction in toxT::lacZ expression at every time point. Regardless of the presence of bicarbonate, toxT::lacZ expression peaked at 4 h after subculturing, consistent with the ToxTdependent CT and tcpA::lacZ expression peaks shown in Fig. 1 . As a control, ␤-galactosidase production by a ⌬toxR strain that harbors the same toxT::lacZ fusion plasmid was also measured. The toxT::lacZ expression in the ⌬toxR strain was low at all time points, and no effect of bicarbonate was observed, confirming that toxT transcription is ToxR dependent and bicarbonate independent.
To directly assess whether the toxT mRNA level or stability was affected by bicarbonate, RT-PCR experiments using primers specific for the toxT gene were performed (Fig. 2B) . toxT transcripts were present under both static and AKI growth conditions regardless of the presence of bicarbonate. These results indicate that the effect of bicarbonate on virulence gene expression is mediated downstream from toxT transcription.
ToxT protein is produced but inactive in the absence of bicarbonate. Because toxT mRNA production was not dependent on bicarbonate, we next investigated whether ToxT protein production was dependent on bicarbonate. Bicarbonate could possibly act at the translational level, affecting ToxT protein synthesis, or at the protein level, affecting ToxT activity. Using polyclonal antibodies specific for ToxT, we assessed by Western blotting whether ToxT protein was produced in V. cholerae grown in the presence or absence of bicarbonate. Our results paralleled the results that we obtained for toxT mRNA expression. ToxT protein was stably produced regardless of the presence of bicarbonate in the growth medium (Fig. 3) . Using cell extracts harvested from El Tor strain E7946 after 4 h of static growth in medium either containing or lacking bicarbonate, a ToxT-specific band was visible in Western blots under both growth conditions (Fig. 3A, lanes 3 and 4) . An isogenic ⌬toxT strain did not produce this band (Fig. 3A, lane 2) .
Similar results were obtained using cell extracts from classical strain O395. At the 4-and 6-h time points, a ToxT-specific band that corresponded to purified ToxT protein was observed (Fig. 3B, lanes 1, 3, 4, 6, and 7 ). An isogenic ⌬toxT strain did not produce this band (Fig. 3B, lane 2) . The ToxT-specific band was also observed for extracts of O395 grown under AKI conditions (Fig. 3B, lanes 5 and 8) . However, the ToxT levels in bacteria grown under AKI conditions with bicarbonate were significantly lower; the reasons for this are unclear. Paralleling the toxT::lacZ expression results indicating that toxT transcription was lower in the presence of bicarbonate, lower ToxT protein levels were observed in cells grown in the presence of bicarbonate in general, strongly suggesting that bicarbonate does not increase ToxT protein expression or stability.
Overexpression of ToxT can compensate for the absence of bicarbonate. The experimental results described above are consistent with a model in which bicarbonate positively affects ToxT activity rather than ToxT expression levels. Previous work indicated that ToxT expression from a plasmid in V. cholerae or E. coli resulted in activation of virulence factor transcription, even under virulence-repressing growth conditions (66; M. Bellair and J. H. Withey, unpublished results). To investigate whether this overexpression of ToxT could compensate for the absence of bicarbonate as the inducing agent, we constructed a plasmid carrying toxT fused to P araBAD (pBAD-toxT). ToxT expression can be induced from pBADtoxT by addition of 0.2% arabinose to the growth medium. This plasmid was transformed into our E7946 ⌬toxT derivative, and CT production and ToxT protein levels in the new strain were then measured.
Our results indicate that ToxT was indeed overproduced from the pBAD-toxT plasmid and that this resulted in increased CT production. In Western blot experiments (Fig. 3A , lanes 5 and 6) much higher levels of ToxT were present in extracts of the E7946 ⌬toxT strain carrying pBAD-toxT than in extracts of wild-type strain E7946 carrying the pBAD33 vector. CT production was approximately sixfold greater in the E7946 ⌬toxT strain carrying pBAD-toxT than in wild-type strain E7946 carrying the pBAD33 vector when both strains were grown in the absence of bicarbonate (Fig. 4) . The CT production by the E7946 ⌬toxT strain carrying pBAD-toxT grown without bicarbonate was remarkably similar to the CT production by wild-type strain E7946 carrying the pBAD33 vector grown with bicarbonate. However, bicarbonate still increased CT expression in the E7946 ⌬toxT strain carrying pBAD-toxT more than twofold, suggesting that ToxT activity could be enhanced by bicarbonate even when ToxT levels are far higher than normal.
A CA inhibitor, ethoxyzolamide (EZA), inhibits the effect of bicarbonate on virulence induction. The results described above strongly suggest that bicarbonate induces ToxT-dependent V. cholerae virulence gene expression. In mammals, bi- (64) but has no effect on B. anthracis (60) . These results suggest that C. rodentium utilizes CA to accumulate bicarbonate in the cell, while B. anthracis mainly utilizes direct bicarbonate transport.
To determine whether CA inhibition affects bicarbonatemediated virulence induction in V. cholerae, we measured ␤-galactosidase production from tcpA::lacZ in the presence of EZA in both classical (O395) and El Tor (E7946) V. cholerae strains. Addition of 400 M EZA resulted in a Ͼ50% reduction in tcpA::lacZ expression in both E7946 and O395 grown with bicarbonate in the medium (Fig. 5) . The effect of EZA was observed in bacteria grown under both static and AKI conditions. In the absence of bicarbonate, EZA had no effect when V. cholerae was cultured under static conditions but caused 50% inhibition of tcpA::lacZ expression when V. cholerae was cultured under AKI conditions, suggesting that the shaking phase of AKI conditions mimics the presence of bicarbonate in static culture. EZA had no detectable effect on V. cholerae growth rates. These data suggest that CA plays an important role in V. cholerae virulence induction by modulating intracellular bicarbonate levels.
DISCUSSION
Sodium bicarbonate has previously been found to induce CT production in the El Tor biotype of V. cholerae (26, 27) , but the mechanism for this induction was unknown. Medrano et al. (39) found that ToxR-dependent toxT transcripts were produced when El Tor biotype V. cholerae was cultured under (39) . Moreover, our data indicate that the ToxT protein was present but had minimal activity in both the classical and El Tor biotypes when bacteria were grown in the absence of bicarbonate. Growing the bacteria with bicarbonate in the medium enhances the activity of ToxT, and both CT production and tcpA promoter activation are maximally induced. This bicarbonate-mediated virulence induction is ToxT dependent, as the isogenic toxT deletion strains did not express virulence genes in the presence of bicarbonate. The V. cholerae in vitro virulence-inducing conditions do not resemble the conditions that V. cholerae encounters in the small intestine. The classical biotype is cultured in LB medium at pH 6.5 and 30°C for maximum virulence gene induction (41) . Neither low temperature nor low pH occurs in the upper small intestine that V. cholerae colonizes. The El Tor biotype is cultured in rich medium statically for several hours, followed by shaking for several more hours, for maximal virulence gene induction (26) . Again, these conditions are not found in the upper small intestine. The presence of bicarbonate is not required for CT production and tcpA::lacZ expression under AKI conditions, although bicarbonate does increase the amount of CT produced. However, static growth conditions with bicarbonate in the medium might more closely mimic what happens during the course of infection, as V. cholerae is grown at 37°C, with exposure to very low levels of oxygen, and in the presence of bicarbonate, all of which are similar to conditions in the small intestine. Based on the evidence that we obtained regarding the requirement of bicarbonate for maximal ToxT activity and knowing that bicarbonate is present at high concentrations in the small intestine, we propose that V. cholerae utilizes bicarbonate during infection as an effector molecule to induce virulence.
Bicarbonate could also be responsible for the temporal regulation of virulence that has been observed in vivo. Bicarbonate is produced by pancreatic cells and secreted into the lumen of the small intestine to neutralize the acid that comes from the stomach. Lee et al. (32) have observed that during infection tcpA expression is induced in two stages, while ctxAB expression is induced subsequent to the second stage of tcpA induction. On the basis of these results, these authors proposed a model for temporal regulation in which the primary pulse of tcpA expression allows the bacteria to colonize the epithelial lining and in response to a second signal ctxAB expression is induced. Studies have shown that there is a pH gradient in the mucus gel in the human duodenum (45) , suggesting that the concentration of bicarbonate is higher close to the epithelial surface, so bicarbonate could be the second signal that stimulates maximum virulence induction.
The following model describes a mechanism for bicarbonate-mediated virulence gene induction and its involvement in temporal regulation patterns (Fig. 6) . As the bacteria enter the lumen of the small intestine, they encounter the primary signal, which remains unclear and which induces transcription of toxT. In the lumen, lower levels of pancreatic bicarbonate are present due to diffusion throughout the intestine. The low concentration of bicarbonate produces low levels of ToxT activity, resulting in a low level of tcpA expression. At later stages of infection, the bacteria enter the mucus layer, where they encounter a higher concentration of bicarbonate that is se- Bicarbonate has the same effects on ToxT protein activity and virulence gene expression in both the classical and El Tor V. cholerae biotypes. This suggests that the mechanism of bicarbonate-mediated enhancement of ToxT activity is conserved. Bicarbonate could act as a positive effector molecule and directly modulate ToxT protein activity, or it could act indirectly to enhance ToxT function. Recent work on RegA of C. rodentium, which like ToxT shares sequence homology with the AraC/XylS protein family, has shown that bicarbonate stabilizes RegA binding to promoter regions. Addition of bicarbonate in vitro resulted in different migration patterns of RegA-DNA complexes in electrophoretic mobility shift assay (EMSA) experiments (64) . ToxT binds to promoter DNA sequences in vitro without bicarbonate (61) (62) (63) 66) . We tested for a similar direct effect of bicarbonate on ToxT-DNA complexes using EMSA. However, no differences in the binding profiles were observed after addition of bicarbonate to the binding reaction mixtures (data not shown). Although we did not observe direct effects of bicarbonate on ToxT using the EMSA technique, the possibility that bicarbonate directly binds to the ToxT protein and modulates its activity cannot be ruled out. The possible mechanisms for modulation of ToxT activity by bicarbonate include enhancing the binding affinity of ToxT for toxboxes, enhancing the interaction between DNA-bound ToxT monomers, enhancing the interactions between ToxT and RNA polymerase, and some other direct mechanisms. Our data indicating that overexpression of ToxT can compensate for the absence of bicarbonate in the growth medium suggest that bicarbonate may enhance the binding affinity of ToxT for its DNA or protein partners. Thus, an increased ToxT concentration compensates for reduced ToxT binding affinity.
Indirect effects of bicarbonate on ToxT are also possible. Bicarbonate could induce or modulate gene products to enhance the activity of ToxT. Sträter et al. have found that bicarbonate ion activates E. coli aminopeptidase A (PepA) (54) . The pepA gene product is a multifunctional protein. It has peptide proteolysis activity (6), acts as a repressor involved in regulation of the carboamoylphosphate synthetase operon (8) , and plays a role in site-specific recombination at the ColE1 site, a mechanism that is involved in resolving multimers of multicopy plasmids into monomers to allow stable heredity of the plasmids (52) . The X-ray crystallographic structure of PepA indicated that a bicarbonate anion is bound to an arginine side chain (53) . Interestingly, deletion of the V. cholerae pepA gene has also been shown to increase the levels of CT, tcpA, toxT, and tcpP when the cells are cultured under ToxRrepressing conditions (LB medium at pH 8.5 and 37°C) (2). One possible indirect effect of bicarbonate is that pepA or other gene products negatively regulate the activity of ToxT and addition of bicarbonate could modify such gene products to relieve this inhibition.
Bacteria can increase cytosolic bicarbonate levels through at least two routes. First, transporters can directly bind to and import bicarbonate. The cmpABCD gene cluster encodes the bicarbonate transport system of Synechococcus elongatus PCC 6301 (35) . Proteins with sequence homology to proteins in this system have been shown to play a role in B. anthracis pathogenesis (60) . However, BLAST searches of the V. cholerae genome have yielded no sequences having homology to this system. This suggests either that V. cholerae does not utilize transporters to accumulate cellular bicarbonate or that V. cholerae utilizes a different system of transporters to import bicarbonate. Second, both metabolic CO 2 and atmospheric CO 2 that enter the cell by simple diffusion are converted into bicarbonate by the action of CA. CAs are zinc metalloenzymes that catalyze the hydration of CO 2 into bicarbonate. CAs have been shown to be involved in many cellular processes, such as photosynthesis, respiration, CO 2 transport, and cyanate metabolism in E. coli (51) . CAs are classified into three classes, ␣, ␤, and ␥, and they share little sequence homology with each other but catalyze the same reaction. V. cholerae encodes one putative CA homolog belonging to each class; the cah gene (VC0395_0957) product belongs to the ␣ class; the putative gene VC0395_A 0118 product belongs to the ␤ class; and the 3 Ϫ freely interconvert in solution, so an increase in the CO 2 concentration would result in an increase in the bicarbonate concentration. Production of CT has been observed when the El Tor biotype was cultured in the absence of bicarbonate. However, either a shaking period or culturing the bacteria with a low ratio of volume to surface area was required (26, 48) . Under these conditions, V. cholerae could produce enough CO 2 so that there was an increase in cellular bicarbonate levels. The increase in bicarbonate levels could occur through direct transport of bicarbonate by the bacteria and/or through CO 2 uptake and conversion into bicarbonate by CAs. Increasing the cellular bicarbonate level would enhance ToxT activity so that CT was maximally expressed. In the absence of bicarbonate, V. cholerae produces mainly CO 2 as a product of metabolism. When the bacteria are grown under static conditions with a small exposed surface area, the amount of CO 2 produced by the cells is relatively small as the growth rate is low. CO 2 diffuses out of the cells at a rate greater than the rate of conversion into cellular bicarbonate by CA. The low level of bicarbonate produced by CA under these conditions is not sufficient to induce virulence. In contrast, addition of a shaking period or culturing using a large exposed surface area increases the growth rate due to aerobic metabolism, and thus the cells produce more CO 2 . The higher level of CO 2 could increase the cytoplasmic level of bicarbonate, and virulence gene expression would be induced. It has been reported that under anaerobic growth conditions in either classical virulence-inducing medium (classical biotype) (30) or syncase medium (El Tor biotype) (36) TCP expression is observed but CT production is low or nonexistent. This is somewhat similar to the expression patterns that we observed under AKI conditions in the absence of bicarbonate, in which a high level of tcpA expression but a low level of CT production was observed (Fig. 1) . Both of these growth conditions may mimic the early stages of infection shown in Fig. 6 , in which the bicarbonate concentration is relatively low. A possible mechanism for the observed differential expression of CT and TCP under low-bicarbonate conditions arises from the observation that H-NS is a major negative regulator of ctx transcription (12, 42) , whereas H-NS has little or no effect on tcpA transcription (66) . When bicarbonate levels are low, a small pool of "activated" ToxT may be blocked from binding to the ctx promoter by H-NS but may bind to the tcpA promoter unhindered and activate its transcription.
In summary, we have found that bicarbonate induces expression of the V. cholerae major virulence factors by enhancing the activity of the ToxT protein that is already present in the bacteria. This is the first example of a positive effector for ToxT activity, and bicarbonate is likely to be an important in vivo signal that induces V. cholerae virulence gene expression during infection.
